INTRODUCTION
by diet, with Safmannan-fed chicks having the highest G:F and 1% GGMO-AX-fed chicks having the lowest.
The GGMO-AX substrate demonstrated effects similar to a prebiotic substrate as indicated by increased cecal short-chain fatty acid concentrations, decreased cecal pH, and increased populations of Lactobacillus spp. and Bifidobacteria spp. as dietary GGMO-AX concentration increased. Excreta Salmonella typhimurium populations on d 5 and 10 PI, and ileal and cecal Salmonella typhimurium populations, tended to be affected (P < 0.10) by the main effect of diet. Messenger RNA expression of IFN-γ in the cecal tonsils was the only cytokine independently affected by infection and diet (P < 0.01). Chicks fed 2 and 4% GGMO-AX had similar expressions of IFN-γ and IL-1β, regardless of infection, suggesting that Salmonella typhimurium virulence was suppressed. Dietary supplementation with GGMO-AX resulted in prebiotic-like effects but did not limit Salmonella typhimurium intestinal colonization or shedding, but possibly decreased the virulence of Salmonella typhimurium within the digestive tract.
1984; Ofek et al., 2003) . Studies evaluating MOS have been shown to decrease intestinal populations of type-1 fimbriae bacteria (Spring et al., 2000; Fernandez et al., 2002; Yang et al., 2008; Baurhoo et al., 2009 ). In addition, it may be possible to enhance the activity of the gut-associated lymphoid tissues (GALT) through dietary manipulation, particularly the use of fermentable carbohydrates. Research has shown a positive correlation between feeding fermentable carbohydrates and improved gut health (Anderson et al., 2009; Roberfroid et al., 2010) . Fiber fermentation in the large bowel may benefit the GALT through several potential mechanisms, including modulation of the GALT and enhanced intestinal defenses (for example, increased mucin thickness), modulation of epithelial inflammation by short-chain fatty acids (SCFA), and quantity and type of microbiota-limited bacterial translocation (Schley and Field, 2002; Cavaglieri et al., 2003; Tedelind et al., 2007; Stecher and Hardt, 2008; Hedemann et al., 2009; Ito et al., 2009) .
A mannose-rich galactoglucomannan oligosaccharidearabinoxylan (GGMO-AX) complex has been shown to be well fermented when evaluated using in vitro and in vivo methodologies (Faber et al., 2011a,b) . In addition, in chicks infected with Eimeria acervulina, a strain of coccidiosis, GGMO-AX supplementation resulted in increased fold changes in duodenal cytokine mRNA expression, an indicator of increased innate immune response (Faber et al., 2012) . Based on these data, GGMO-AX may be able to prevent Salmonella typhimurium colonization by preventing intestinal attachment and positively modulating the intestinal environment in an avian model.
The objective of this study was to evaluate the ability of GGMO-AX to prevent or limit Salmonella typhimurium colonization and improve intestinal immune response in broiler chicks challenged with an acute Salmonella typhimurium infection.
MATERIALS AND METHODS
All animal care procedures were approved by the University of Illinois Institutional Animal Care and Use Committee and Institutional Biosafety Committee before initiation of the experiment.
Galactoglucomannan Oligosaccharide Substrate
Production of the GGMO-AX substrate involves wood chips, water, and pressure but does not use strong acids or bases, unlike other fiberboard production processes. This results in an ingredient potentially safe for consumption by animals. During hydrolysis, hemicelluloses are depolymerized through hydronium ions from water and other compounds such as uronic, acetic, and phenolic acids (Garrote et al., 1999) . The release of pressure on the wood chip digester results in destruc-tion primarily of cellulose, hemicelluloses, and lignin that releases soluble sugars into the surrounding water, along with polyphenolic compounds from lignin. The resulting water solution contains increased concentrations of sugars (3-4%), a concentration unsafe for disposal into wastewater streams. Thus, the sugar solution is removed from the wood chips and further condensed into a syrup with a final sugar concentration of 30 to 54% (Michalka, 2007) . Sugars are mostly in the form of oligosaccharides rather than free sugars. A complete chemical structure analysis is published by Price et al. (2011) .
To obtain a dry product, the GGMO-AX syrup is spray-dried (Valentine Chemicals, Lockport, LA) with an inlet temperature of approximately 155°C and exit temperature of 102°C; the starting substrate is adjusted to 53% solids before drying. Spray-drying allows the substrate to be mixed in a mash diet matrix appropriate for young chicks.
Chicks and Husbandry
Two-hundred forty 1-d-old male Ross × Ross broiler chicks were used in this experiment. Sex was determined at the hatchery before shipment to research site. Chicks were housed separately according to infection status in thermostatically controlled pens within starter batteries with raised wire floors in environmentally controlled rooms with continuous lighting within separate high efficiency particle air-filtered units of the containment area. At hatch, chicks were weighed, wingbanded, and assigned to treatment groups so that initial weights were similar among treatment groups. Four replicates of 5 chicks were assigned to each treatment in the experiment. Chicks were randomly assigned to 1 of 2 infection treatments (sham-inoculated or Salmonella typhimurium-inoculated) and 1 of 6 soy protein isolate-based semipurified dietary treatments differing in concentration of GGMO-AX (0, 1, 2, or 4%), which replaced cellulose (Solka-Floc; International Fiber Corporation, North Tonawanda, NY) in the diet, or diets containing 2% Safmannan (Saf; Lesaffre Yeast Corp., Milwaukee, WI) plus 2% cellulose or 2% short-chain fructooligosaccharides (scFOS; GTC Nutrition, Golden, CO) plus 2% cellulose. All diets were formulated to meet or exceed NRC (1994) recommendations (Table  1) . Feed and fresh water were offered to the chicks ad libitum. Chicks and feeders were weighed on d 1 posthatch and d 10 to 20 posthatch to determine BW gain and feed intake between weighing.
Preparation of Bacterial Inoculum and Inoculation
A primary poultry isolate of Salmonella typhimurium (Salmonella typhimurium-10, NVSL 95-1776; Southern Plains Agricultural Research Center, USDA, College Station, TX), resistant to novabiocin and nalidixic acid, was selected. A single bacterial colony was isolated on a trypticase soy agar plate and then cultured overnight in trypticase soy broth at 37°C. On day of inoculation, bacterial inoculum was diluted to 2 × 10 8 cfu/mL using sterile phosphate-buffered saline (PBS). Final viable cell concentration was confirmed by serially diluting a sample of inoculum and plating on a trypticase soy agar plate. Plates were incubated overnight at 37°C and concentrations expressed as cfu/mL. Cultured Salmonella typhimurium was diluted with sterile PBS immediately before inoculation. Chicks were administered an acute 0.5-mL oral dose of either 1 × 10 8 cfu Salmonella typhimurium or PBS on d 10 posthatch using 1-cm 3 syringes without needles.
Sample Collection
On d 0, 1, 5, and 10 postinoculation (PI), excreta were collected from each pen. In the morning of the collection day, fresh paper was placed in the excreta collection pan located under each pen. Approximately 24 h later, excreta from each pen were collected and mixed and a sample was placed into a cryogenic vial and stored at −80°C until analysis. On d 20 posthatch (d 10 PI), chicks were euthanized by CO 2 inhalation. Chicks were immediately dissected and ileal digesta and cecal contents were pooled per replicate pen of 5 chicks. Ceca from each bird within a replicate were weighed with cecal contents to determine total cecal weight. Cecal contents were then removed and all empty ceca were weighed to determine empty cecal weight. Aliquots of ileal digesta and cecal contents were immediately transferred to a sterile cryogenic vial (Nalgene, Rochsester, NY) and snap frozen in liquid nitrogen. Additional aliquots of cecal digesta were taken for measurements of pH, DM, SCFA, and branched-chain fatty acids (BCFA). Cecal digesta pH was measured using a Beckman pH meter and electrode (Beckman Instruments Inc., Fullerton, CA). Ileum, cecal tonsil, and spleen tissues were collected from 2 random chicks per replicate and pooled; these tissues were rinsed with PBS (pH 7.2), minced with a scalpel, placed in RNAlater solution (Ambion Inc., Austin, TX), and stored at −80°C pending analysis.
Chemical Analyses
Fresh ileal and cecal samples were analyzed for DM using AOAC International (2006) methods. Cecal SCFA and BCFA concentrations were determined by gas chromatography according to Erwin et al. (1961) using a gas chromatograph (Hewlett-Packard 5890A series II, Palo Alto, CA) and a glass column (180 cm × 4 mm i.d.) packed with 10% SP-1200/1% H 3 PO 4 on 80/100+ mesh Chromosorb WAW (Supelco Inc., Bellefonte, PA). Nitrogen was the carrier with a flow rate of 
Microbial Analyses
Microbial populations were analyzed in excreta, ileal, and cecal samples using methods described by Middelbos et al. (2007) with minor adaptations. Briefly, DNA was extracted from freshly collected samples that had been stored at -80°C until analysis, using the repeated bead beater method described by Yu and Morrison (2004) with a DNA extraction kit (QIAamp DNA Stool Mini Kit, Qiagen, Valencia, CA) according to the manufacturer's instructions. A TissueLyser (Qiagen, Valencia, CA) with a 5-mm steel bead (3 min at 15 Hz) was used in place of the repeated bead beater. Extracted DNA was quantified using a spectrophotometer (Nano-Drop ND-1000, Nano-Drop Technologies, Wilmington, DE). Quantitative PCR of the DNA was performed using specific primers for Salmonella typhimurium (Csordas et al., 2004) , Bifidobacterium spp. (Matsuki et al., 2002) , Lactobacillus spp. (Collier et al., 2003) , Escherichia coli (Malinen et al., 2003) , and Clostridium perfringens (Wang et al., 1994) , whereas for the total population of bacteria, a universal primer set (341F/534R; Applied Biosystems, Foster City, CA) was used. Amplification was performed according to Deplancke et al. (2002) . Briefly, a 10-μL final volume contained 5 μL of 2× SYBR green PCR master mix (Applied Biosystems), 15 pmol of the forward and reverse primers for the bacterium of interest, and 5 ng of extracted excreta or digesta DNA. Standard curves were obtained by harvesting pure cultures of the bacterium of interest in the log growth phase in triplicate, followed by serial dilution. Bacterial DNA was extracted from each dilution using a DNA extraction kit (Qiagen) and amplified with the excreta or digesta DNA to create triplicate standard curves (ABI PRISM 7900HT Sequence Detection System, Applied Biosystems). Colony-forming units in each dilution were determined by plating on specific agars; tryptic soy agar (Salmonella typhimurium), lactobacilli MRS (Difco, BD, Franklin Lakes, NJ) for lactobacilli, reinforced clostridial medium (bifidobacteria, C. perfringens), and Luria Bertani medium (E. coli). The calculated log cfu per milliliter of each serial dilution was plotted against the cycle threshold to create a linear equation to calculate cfu per gram of excreta, ileal digesta, or cecal contents (DMB).
Inflammatory Cytokine Gene Expression
Total RNA was extracted from ileal, cecal tonsil, and splenic tissues using a DNA/RNA extraction kit (All-Prep DNA/RNA Mini Kit, Qiagen) according to the manufacturer's instructions and the TissueLyser apparatus described above. Extracted RNA was quantified using a spectrophotometer (NanoDrop ND-1000, Nano-Drop Technologies). Extracted RNA from ileal, cecal tonsil, and splenic tissues were subjected to a 7x gDNA Wipeout Buffer and then converted to complementary DNA using a QuantiTec reverse transcription kit (Qiagen). Wipeout of gDNA and reverse transcription were performed in a thermocycler (model PTC-200, Biorad, Hercules, CA) with the program set for 2 min at 42°C, 2 min at 4°C, 15 min at 42°C, 3 min at 95°C, and then cooled to and held at 4°C; cDNA samples were stored at −20°C.
Quantitative real-time PCR was performed using the Applied Biosystems Taqman gene expression assay as previously described (Dilger and Johnson, 2010) . The cDNA was amplified by PCR where a target cDNA [interferon-γ (IFN-γ), Y07922; interleukin (IL)-1β, Y15006; IL-12β, NM_213571; and IL-10, AJ621614] and reference cDNA [glyceraldehyde 3-phosphate dehydrogenase (GAPDH), K01458; Hong et al., 2006] were amplified using Taqman (Invitrogen, Carlsbad, CA), an oligonucleotide probe with a 5′ fluorescent reporter dye (6-FAM) and a 3′ nonfluorescent quencher dye (NFQ). Fluorescence was determined on an ABI PRISM 7900HT-sequence detection system (Applied Biosystems). To normalize gene expression, a parallel amplification of endogenous GAPDH was performed for each gene. Reactions with no reverse transcription and no template were included as negative controls. Data were analyzed using the comparative threshold cycle (C t ) method (Livak and Schmittgen, 2001) and results are expressed as fold-change relative to uninfected 4% cellulose-fed chicks.
Statistical Analyses
Data were analyzed by ANOVA with procedures appropriate for a completely randomized design with rep being the experimental unit. Data for continuous variables were analyzed by the MIXED procedure (SAS Inst., Cary, NC). The statistical model included the fixed main effects of infection and dietary treatment. Interactive effects were evaluated using linear polynomial contrasts designed for the nonequally spaced concentrations of supplemental GGMO-AX versus infection status. Additionally, interactive effects between dietary treatment (scFOS or Saf vs. 2% GGMO-AX) and infection status (uninfected vs. infected) were evaluated, because treatments contained similar concentrations of fermentable substrate. Least squares means were separated using least squares differences with a Tukey adjustment. Outlier data were removed from analysis after analyzing data using the UNIVARIATE procedure to produce a normal probability plot based on residual data and visual inspection of the raw data. Outlier data were defined as data points 3 or more standard deviations from the mean. Differences among treatment level least squares means with a probability of P ≤ 0.05 were accepted as statistically significant, whereas mean differences with P-values ranging from 0.06 to 0.10 were accepted as trends.
RESULTS

Chick Growth and Performance
Weight gain of chicks was not affected by infection or diet on d 0 to 3 PI (Table 2) . Weight gain of Saf-fed infected chicks was greater (P = 0.01) than for 2% GG-MO-AX-fed infected chicks only. On d 3 to 7 and 0 to 10 PI, the main effects of diet and infection were significant (P < 0.05), with Saf-fed chicks having the greatest weight gain regardless of infection status. Diet affected (P < 0.01) weight gain on d 7 to 10 PI, with Saf-fed chicks having the greatest weight gain. In addition, an interaction between dietary treatment (scFOS or Saf vs. 2% GGMO-AX) and infection status was noted in chicks on d 7 to 10 PI. Salmonella typhimurium infection increased (P < 0.05) feed intake during all time periods, whereas diet affected (P < 0.05) feed intake during all time periods except d 0 to 3. An interaction between infection status and diet (P = 0.04) was noted during d 7 to 10 PI. An interaction of diet (Saf and 2% GGMO-AX) and infection status was observed for all time periods. Gain-to-feed values were also affected (P < 0.05) by diet during all time periods.
Fermentation Metabolites
Cecal pH was greater (P = 0.02) for uninfected chicks than infected chicks ( Figure 1 ; Table 3 ). Diet affected (P < 0.01) cecal pH, with 4% GGMO-AX resulting in the lowest pH. Full and empty ceca weights were also affected (P < 0.01) by diet (Table 4 ). Cecal propionate concentrations (μmol/g) were independently affected (P < 0.05) by both infection status and diet. In addition, acetate and propionate concentrations (μmol/g) were affected (P < 0.05) by the interaction of infection and diet. Total SCFA concentrations (μmol/g) were affected (P < 0.01) by diet. When SCFA concentrations were expressed on a per ceca basis (that is, total cecal pool), acetate concentrations were greater for infected chicks, and affected by diet, and the interaction of infection by diet (P < 0.05), whereas propionate concentrations (μmol/ceca) were greater (P = 0.04) for infected chicks. Infection status did not affect BCFA concentrations and diet only affected (P = 0.04) valerate concentrations (μmol/g). When BCFA concentrations were expressed on a per ceca basis, isobutyrate concentrations were increased (P = 0.01) by infection.
Ileal and Cecal Microbiota
Ileal Bifidobacterium spp. and E. coli populations were not affected by infection or diet (Table 5) . Lactobacillus spp. populations were affected by diet (P = 0.01) and the interaction of infection and diet (P < 0.01). In addition, Lactobacillus spp. populations were affected (P < 0.01) by the interaction of diet (scFOS and 2% GGMO-AX) and infection, with infected 2% GGMO-AX-fed chicks having the greatest population.
Clostridium perfringens populations were affected by diet (P < 0.01), with 4% GGMO-AX-fed chicks having the lowest concentration. Total microbial populations were greater (P < 0.01) for infected chicks and affected by the interaction of scFOS and 2% GGMO-AX and infection.
Cecal Bifidobacterium spp. populations were affected by both diet and the interaction of infection and diet (P < 0.05). Lactobacillus spp. populations were greater (P < 0.01) for infected chicks and affected by diet (P = 0.04). Escherichia coli populations were greater (P < 0.05) for infected chicks and affected by diet and interaction of infection by linear response to GGMO-AX supplementation (Lin GGMO-AX). Total microbial populations were greater (P < 0.01) for infected chicks and affected by the interaction of scFOS and 2% GGMO-AX and infection.
Digesta and Excreta Salmonella typhimurium Populations
Ileal digesta Salmonella typhimurium populations were affected (P = 0.05) by diet (Table 6) . Salmonella typhimurium was detected in ileal digesta samples from 1 of 4 replicates of chicks fed diets containing 0, 1, and 4% GGMO-AX, whereas remaining treatments had 2 of 4 replicates with ileal colonization by Salmonella typhimurium. Cecal Salmonella typhimurium populations were not affected by diet, and all replications were colonized by Salmonella typhimurium.
On d 1 PI, 4 of 4 replicates containing 0 and 2% GG-MO-AX-and Saf-fed chicks were shedding Salmonella typhimurium, whereas 2 of 4 replicates containing 1 and 4% GGMO-AX-fed chicks were shedding Salmonella typhimurium (Table 6 ). On d 5 PI, diet tended (P = 0.06) to affect Salmonella typhimurium populations in the excreta of chicks shedding Salmonella typhimurium, with scFOS-fed chicks having the lowest Salmonella typhimurium population. Chicks receiving 1% GGMO-AX and scFOS diets exhibited Salmonella typhimurium shedding in 3 of 4 replicates, whereas 4 of 4 replicates fed the remaining dietary treatments were shedding Salmonella typhimurium. On d 10 PI, diet tended (P = 0.08) to affect Salmonella typhimurium populations in excreta samples, with scFOS-fed chicks having the lowest Salmonella typhimurium population. Chicks fed 0 and 1% GGMO-AX had the fewest replicates (2 of 4) shedding Salmonella typhimurium, whereas chicks receiving Saf had the greatest (4 of 4).
Inflammatory Cytokine mRNA Expression
Messenger RNA expression of all cytokines in the ileum and spleen were not affected by diet or infection status (data not shown). Messenger RNA IFN-γ expression in the cecal tonsils was greater (P < 0.01) for infected chicks and affected by diet and the interaction of diet and infection (Figure 2; Table 7 ). In addition, Table 2 . Body weight gain (g), feed intake (g/chick), and gain:feed (g/kg) of broiler chicks fed diets supplemented with galactoglucomannan oligosaccharide-arabinoxylan (GGMO-AX) complex, short-chain fructooligosaccharides (scFOS), or Safmannan ( Interaction between scFOS vs. 2% GGMO-AX and infection status (uninfected vs. infected) is significant at P < 0.05.
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Interaction of infection and diet is significant at P < 0.05.
an interaction of infection by linear response to GG-MO-AX supplementation (P = 0.03) was observed for IFN-γ. An interaction between scFOS and 2% GGMO-AX in uninfected and infected chicks was also observed (P < 0.01), with infected scFOS-fed chicks having a greater fold change in IFN-γ expression compared with other treatments. Interactions of infection and diet (P ≤ 0.05) and infection by linear response to GGMO-AX supplementation (P = 0.01) were observed for IL-1β and IL-10 mRNA expression. An interaction (P = 0.01) between diet (scFOS and 2% GGMO-AX) and infection was also observed for IL-10.
DISCUSSION
The intestinal and systemic health benefits of dietary fiber, particularly fermentable carbohydrates, in human and animal nutrition suggest fiber is an important dietary ingredient. In addition, some oligosaccharides, particularly MOS, may directly prevent pathogenic bacteria from binding to epithelial cells in the small intestine and prevent colonization and proliferation in the intestinal tract (Spring et al., 2000; Grieshop et al., 2004; Gouveia et al., 2006; Baurhoo et al., 2009 ). Based on in vitro results (unpublished data), the particular strain of Salmonella typhimurium used in the current study does bind to GGMO-AX. Therefore, we hypothesized that ingestion of a novel fermentable carbohydrate, GGMO-AX, could decrease intestinal colonization of Salmonella typhimurium and improve the immune response of growing chicks to an acute Salmonella typhimurium infection through fermentative changes, a MOS-dependent mechanism in the distal gastrointestinal tract or both. Results of our studies suggest that while the GGMO-AX complex can be fermented by the young chick, Salmonella typhimurium colonization and shedding were not reduced, but GG-MO-AX was able to modulate cytokine expression of cecal tonsils in infected chicks in response to an acute infection with Salmonella typhimurium.
A semipurified diet was used to limit the amount of fermentable fiber from dietary ingredients other than the test substrates. Two positive control diets (scFOS and Saf) were used to help determine the possible mode of action of the GGMO-AX substrate in the chick. Short-chain FOS has been shown to improve intestinal health and limit Salmonella typhimurium colonization through fermentative effects such as lowered cecal pH and SCFA production (Bailey et al., 1991; Chambers et al., 1997) . Safmannan, a MOS source derived from yeast cell wall (YCW), has been shown to limit Salmonella typhimurium colonization through fermentative effects but also through the oligosaccharide-binding mechanism in which Salmonella typhimurium binds to the MOS instead of intestinal epithelial cells (i.e., competitive exclusion; Spring et al., 2000; Fernandez et al., 2002; Yang et al., 2008; Baurhoo et al., 2009 ). The GGMO-AX substrate is unique in that it elicits a prebiotic-like response in chicks but also contains a high concentration of MOS (354, mg/g of DMB) to which Salmonella typhimurium is capable of binding.
Unexpectedly, chick BW gain and feed intake were greater for infected chicks. Before inoculation, chicks assigned to the infected treatment had a greater (P < 0.01) weight gain than chicks assigned to the uninfected treatment (9.7 vs. 8.7 g/chick, respectively; data not shown). Chicks were housed in separate rooms with Main effect of infection is significant at P < 0.05. minimal differences in room temperature and humidity. Despite this, it appears that a room effect may have occurred. It was previously shown that Salmonella typhimurium infection either does not affect or decreases growth and feed intake depending on Salmonella typhimurium strain, dose, and other factors (Hegazy and Adachi, 2000; Nakamura et al., 2002; Chalghoumi et al., 2009; Vandeplas et al., 2009; Fasina et al., 2010; Marcq et al., 2011) . The virulence of the Salmonella typhimurium strain used in our study was obviously not sufficient to elicit a decrease in chick performance. For most time intervals PI, Saf resulted in the greatest G:F ratio of all dietary treatments. The beneficial effects of MOS extracted from YCW on animal performance has been well established in poultry and swine (Hooge, 2004; Miguel et al., 2004) . It is hypothesized that the combined effects of substrate fermentation and bacterial binding to the MOS results in an antibioticlike effect, thus enhancing growth. However, in the current study, GGMO-AX, a fermentable substrate with a greater concentration of MOS, did not improve growth and performance to the same extent as Saf. This suggests that another component of Saf (for example, β-glucans, nucleotides, live yeast cells) may be eliciting the beneficial effect.
Cecal total SCFA concentrations (μmol/ceca) were numerically greater for infected (76.9) compared with uninfected (52.1) chicks. This, in turn, caused cecal pH to be lower for infected chicks, as pH followed the same trend as total SCFA concentrations. A lower cecal pH in infected chicks was surprising because Salmonella typhimurium prefer a more alkaline environment to grow and colonize (Bohnhoff et al., 1964) . In addition, Salmonella typhimurium infection has been shown to increase cecal pH PI (Hinton et al., 1990) . In an acidic environment, the pH balance of the Salmonella typhimurium cell wall is disrupted because the lower pH alters dissociation of SCFA. Therefore, the dissociated lipophilic form of the acid is capable of penetrating the bacterial wall (Meynell, 1963) . In the current study, there was no apparent correlation between pH and cecal Salmonella typhimurium concentration, number of replicates colonized, or shedding. Corrier et al. (1995) also reported no reduction in cecal Salmonella typhimurium populations in chicks until a cecal pH lower than 5 was achieved by feeding 10% lactose. This indicates that the decrease in cecal pH observed in our study may not have been sufficient to achieve a significant reduction in cecal Salmonella typhimurium populations.
Cecal butyrate and total SCFA concentrations (μmol/ceca) were well correlated (P < 0.01) with empty ceca weight (r = 0.46 and 0.48, respectively) and full ceca weight (r = 0.66 and 0.72, respectively). For GGMO-AX-fed chicks, cecal weights increased as the concentration of dietary GGMO-AX increased. Shortchain fatty acids are the main energy source for intestinal epithelial cells and stimulate cell growth, which, in turn, increases intestinal weight (Sakata and Yajima, 1984; Kripke et al., 1989; Frankel et al., 1994) . This Table 5 . Microbial populations (log 10 cfu/g of sample DM) in ileal and cecal samples from commercial broiler chicks fed diets supplemented with galactoglucomannan oligosaccharide-arabinoxylan (GGMO-AX) complex, short-chain fructooligosaccharides (scFOS), or Safmannan (Saf) fed to chicks and infected with Salmonella typhimurium or uninfected Main effect of infection is significant at P < 0.05.
5
Infection by linear response to GGMO-AX supplementation is significant at P < 0.05. Table 6 . Populations of Salmonella typhimurium in ileal and cecal samples on d 10 postinoculation (PI) and excreta on select days PI (log 10 cfu/g of excreta DM) in commercial broiler chicks fed diets supplemented with galactoglucomannan oligosaccharidearabinoxylan (GGMO-AX) complex, short-chain fructooligosaccharides (scFOS), or Safmannan ( effect of fermentable carbohydrate inclusion on cecal weights has also been observed in rats (Weaver et al., 2010; Knapp, 2011) .
Uninfected chicks fed 0 and 1% GGMO-AX or scFOS had the lowest ileal and cecal E. coli concentrations; however, infected chicks fed the same diets exhibited the largest difference relative to uninfected chicks in E. coli population (≥0.4 cfu/g). This response due to infection was not observed for other dietary treatments. Select strains of E. coli are considered pathogenic, so a reduction in overall E. coli population is considered beneficial. Overall, Salmonella typhimurium infection resulted in the proliferation of cecal E. coli, possibly due to both bacteria thriving in similar conditions. The greatest fold changes in IFN-γ and IL-1β expression were noted for chicks fed 0 and 1% GGMO-AX and scFOS, suggesting that inflammation promoted growth of E. coli or vice versa. In a mouse colitis model, Salmonella typhimurium colonization was greatly enhanced due to intestinal inflammation reducing the commensal bacterial population, thereby permitting overgrowth of Salmonella typhimurium (Stecher et al., 2007) .
Diet tended to affect ileal and cecal Salmonella typhimurium populations. Surprisingly, the 0% GGMO-AX (4% cellulose) diet resulted in the fewest replicates colonized and one of the lowest ileal and cecal Salmonella typhimurium populations on d 10 PI despite having the highest cecal pH and the lowest total SCFA concentrations. The lack of fermentable substrate and the lower amount of cecal contents may have limited colonization due to lack of an energy source, a limited cecal pool, and (or) increased transit rate. Cao et al. (2003) observed that chicks fed a 3.5% cellulose diet experienced an increased transit rate and decreased total microbial concentration compared with 0% cellulosefed chicks. Chicks fed 1% GGMO-AX (3% cellulose) had the greatest ileal and cecal Salmonella typhimurium concentrations, suggesting that the effect of cellulose was not consistent.
A reduction in Salmonella typhimurium shedding is desirable becasue it lessens the spread of Salmonella typhimurium through excrement to other animals and is integrally related to food safety. In addition, bacterial shedding by chicks has been shown to strongly cor-relate (r = 0.84) with intestinal colonization with other species of bacteria such as Clostridium jejuni (Achen et al., 1998) . On d 1 PI, 4% GGMO-AX resulted in the lowest Salmonella typhimurium concentration in excreta and had the fewest replicates shedding, suggesting a lower incidence of initial cecal colonization. By d 5 PI, this effect was absent and these chicks had the greatest Salmonella typhimurium concentration among dietary treatments. It appears that the 4% GGMO-AX treatment was able to limit initial Salmonella typhimurium colonization but unable to prevent latent proliferation. On d 5 PI, scFOS-fed chicks experienced the lowest Salmonella typhimurium concentration in excreta of replicates shedding Salmonella typhimurium. Short-chain FOS continued to prevent Salmonella typhimurium colonization as indicated by the low d 10 PI ileal digesta and excreta concentrations, and only 2 of 4 replicates shedding. On d 10 PI, Saf-fed chicks had the highest Salmonella typhimurium concentration in excreta, with all 4 replicates shedding Salmonella typhimurium, whereas all other dietary treatments had 3 or fewer replicates shedding, suggesting that YCW was unable to limit Salmonella typhimurium colonization or decrease shedding.
The detection of Salmonella in epithelial cells by macrophages and phagocytes initiates a cell-mediated response resulting in release of cytokines (for example, IFN-γ, IL-6, and IL-1β) from macrophages (Trebichavský, 1999) . Additional cytokines, such as tumor necrosis factor (TNF)-α, IFN-γ, and IL-12β, initiate intestinal inflammation and recruitment of macrophages to destroy the pathogen and suppress Salmonella typhimurium growth (Mastroeni et al., 2001) . Clearance of a Salmonella typhimurium infection involves IFN-γmediated Th1 responses that increase activity of lymphocytes and macrophages, which then destroy and clear Salmonella typhimurium from the body (Mastroeni and Menager, 2003; Withanage et al., 2005) .
As chicks age, immune responses to Salmonella typhimurium infection may be reduced, as illustrated with IL-1β, whereby expression was drastically reduced in 7-d-old chicks compared with 1-d-old chicks (Withanage et al., 2004 (Withanage et al., , 2005 ). In the current study, chicks were 20-d-old at the time of tissue collection, which may be the underlying reason for a general lack of change in cytokine expression, particularly in the ileum and spleen. One objective of our study was to evaluate the fermentative effects on prevention of growth and colonization of Salmonella typhimurium in the lower intestinal tract. It has been reported that cecal microbial populations do not begin to stabilize and cecal tonsils fully develop until d 10 posthatch in the chick (Amit-Romach et al., 2004; Jeurissen et al., 2005) , which is why we decided to inoculate at this time. Cecal tonsils are the major lymphoid tissue of the ceca and represent the largest collection of GALT in the chicken (Yun et al., 2000) . Results from several studies have demonstrated that cecal tonsils play an important role in the immune response to Salmonella typhimurium infections as indicated by increased expression of proinflammatory and anti-inflammatory cytokines (Beal et al., 2004; Withanage et al., 2004; Haghighi et al., 2008) . Chicks fed 0 and 1% GGMO-AX and scFOS had the greatest expression of IFN-γ, IL-1β, and IL-10, which related to the lowest Salmonella typhimurium concentration in excreta on d 10 PI, but not to the cecal population. There was no relationship of cytokine expression and cecal Salmonella typhimurium populations, suggesting that the virulence of Salmonella typhimurium, but not the concentration, resulted in the inflammatory response.
The interaction of infection by linear response to GGMO-AX on cecal tonsil pro-inflammatory (IFN-γ and IL-1β) and anti-inflammatory (IL-10) cytokine expression suggests that GGMO-AX fed to uninfected chicks stimulates the intestinal immune system but is also capable of suppressing Salmonella typhimuriumassociated inflammation. Unlike scFOS, the lack of statistical difference between the Saf and 2% GGMO-AX treatments indicates that they may share a similar biological mechanism to suppress inflammation associated with Salmonella typhimurium, perhaps related to the MOS found in the complex. These results are contradictory to those of Janardhana et al. (2009) , where unchallenged 1-d-old chicks fed scFOS and MOS for 25 d exhibited no difference in mRNA expression of IFN-γ or IL-10 in cecal tonsils.
Cecal tonsil fold changes in expression of IFN-γ, IL-1β, and IL-10 in infected 2 and 4% GGMO-AX-fed chicks were similar between the 2 diets, suggesting a threshold for GGMO-AX supplementation and its ability to suppress cytokine expression of select intestinal tissues. In addition, fold changes in expression of IFN-γ and IL-10 were similar between uninfected 2 and 4% GGMO-AX-fed chicks, again suggesting a threshold for the effectiveness of dietary GGMO-AX to enhance or suppress the GALT compared with 0% GGMO-AXfed chicks. The increased expression of innate immune response cytokines in uninfected chicks suggests that GGMO-AX supplementation stimulates the GALT of the lower intestinal tract, which would allow a more rapid response to a pathogen. When the intestinal tract is compromised by a pathogen, the GALT is ready to respond and lessen the detrimental effects. This theory is demonstrated in uninfected and infected chicks fed 2 and 4% GGMO-AX and the similar expression of IFN-γ and IL-1β in 2% GGMO-AX-fed chicks.
The decrease in IL-10 expression of 2 and 4% GG-MO-AX-fed chicks suggests that the intestinal immune system was suppressing anti-inflammatory cytokines and potentially playing a role in the hypothesized decreased virulence. Studies with mouse and rat models have indicated that during a bacterial infection, both pro-and anti-inflammatory cytokine expression is elevated, as was the case in our study (Pie et al., 1996; VanCott et al., 1996) . In mice, IL-10 did not suppress IFN-γ expression during a Salmonella typhimurium infection, and elevated IL-10 expression was related to increased bacterial multiplication and decreases in host defenses (Arai et al., 1995; Pie et al., 1996) . Therefore, a suppression of IL-10 expression in infected chicks fed 2 and 4% GGMO-AX may have improved the intestinal defenses and decreased the virulence of Salmonella typhimurium.
The effects of fermentable fibers on microbial colonization, populations, and concentrations particularly of pathogenic bacteria, have been well studied. In our study, increasing dietary GGMO-AX resulted in a prebiotic response in chicks, regardless of infection status. Dietary GGMO-AX supplementation did not decrease ileal and cecal Salmonella typhimurium colonization to the same extent as scFOS, an established prebiotic. However, greater dietary GGMO-AX concentrations (2 and 4%) and Saf were able to limit the immune response in the cecal tonsils of infected chicks as indicated by similar cytokine expression as uninfected chicks, suggesting a MOS-dependent mechanism. Because chicks did not experience a decrease in measures of growth performance, it is not possible to state with certainty that dietary fermentable substrates altered systemic immune health. However, dietary concentrations of at least 2% GGMO-AX are able to elicit a prebiotic response and limit intestinal immune responses to an acute Salmonella typhimurium infection in chicks.
